Recently the high transfection potential of the cationic polyfold increased transfection efficiency. This activity depends mer polyethylenimine (PEI) was described (Boussif O et al. on ligand-receptor interaction and was observed also at Proc Natl Acad Sci USA 1995; 92: 7297-7301 
Introduction
was shown to mediate efficient gene transfer into a A major goal to be reached in gene therapy protocols is variety of cells 13 without the addition of any cell-binding the efficient and specific delivery of therapeutic genes ligand or endosomolytic moiety. This compound, in coninto the desired target cells. Although a wide panel of trast to polylysine, combines DNA binding and condensviral and nonviral vectors with variable efficiency is ing activity with a high pH-buffering capacity. Every available, a major drawback of most vectors is the lack third atom of the PEI backbone is a protonatable amino of target cell specificity and a low in vivo gene transfer nitrogen atom making the polymer an efficient 'proton efficiency. Nonviral vectors, based on naked plasmid sponge'. Endosomal and lysosomal buffering is con-DNA or DNA complexes with cationic lipids or polysidered to protect DNA from degradation and to promote cationic polymers, are attractive because of their ease of release from the acidic vesicles. These properties make manipulation, stability, low cost, safety and high flexi-PEI a very attractive DNA-binding core for more sophisbility in size of the delivered transgene. We and others ticated vectors containing cell-binding domains and other have developed ligand-polylysine-based gene transfer cell entry functions. systems which utilize the natural mechanism of receptorWe were interested in whether the gene transfer mediated endocytosis. [1] [2] [3] [4] One useful cell-binding ligand efficiency of PEI-DNA complexes can be combined with is transferrin, an iron-transporting serum glycoprotein the specific mechanism of receptor-mediated endocytosis. which binds to a receptor expressed on the surface of To address this question, PEI conjugates were prepared most proliferating cells with particularly high expression by covalent coupling to transferrin or an antiCD3 antion erythroblasts and tumor cells. 5 Transferrin receptor body. We show that: (1) the ligand-PEI conjugates can binding facilitates very efficient uptake of transferrinmediate efficient transfection of cultured tumor cells in polylysine-DNA complexes into endosomes. 6 The gene a receptor-ligand-dependent manner; (2) in three of five transfer efficiency is strongly improved by the addition investigated tumor lines, incorporation of the ligand of endosomolytic moieties such as inactivated adenoresulted in a 30-to 1000-fold enhanced transfection viruses [6] [7] [8] [9] or rhinoviruses, 10 or membrane-destabilizing efficiency; and (3) using TfPEI-DNA complexes, an peptides 11, 12 which facilitate the release of the DNA from efficient transfection is also found at low cation:anion the endosomal compartment.
ratios suggesting that this delivery system is more advantageous for in vivo gene transfer. These findings indicate that ligand-conjugated polyethylenimines might be pronounced toxicity. At N:P of 13, the number of viable
Results

cells dropped to less than 20% (RK, data not shown).
Incorporation of transferrin into the transfection complex Preparation of ligand-PEI conjugates and DNA binding resulted in a 10-to 100-fold higher transfection efficiency. The cationic polymer polyethylenimine (PEI) was
Similarly as with PEI-DNA complexes, at N:P ratios of recently found to mediate gene transfer into a variety of cell types. 13 Previously it was shown that gene transfer р4.8 TfPEI-DNA complexes did not significantly affect based on complexes of DNA with polylysine can be the viability of the cells (viability у95%). Interestingly, enhanced by incorporation of cell-binding ligands such transferrin-PEI-DNA complexes were still effective at as asialoglycoprotein, transferrin or specific antilower cation:anion ratios where ligand-free PEI was not bodies, 2, 4, [14] [15] [16] resulting in increased uptake of the transeffective. fection complex via specific receptor binding and subNotably, using PEI-DNA or transferrin-PEI-DNA sequent receptor-mediated endocytosis. To combine the complexes, high-level expression was found in the promising properties of PEI-DNA complexes with the absence of chloroquine or complex-linked adenovirus. In mechanism of ligand-receptor-mediated gene delivery, fact, transferrin-PEI mediated gene transfer was not transferrin or an antiCD3 antibody were incorporated by enhanced by incubation with chloroquine (RK and MK, covalent coupling to PEI as described in the Materials unpublished results), whereas in transferrin-polylysine and methods. Conjugates of PEI (average molecular mediated gene transfer the expression levels were 10 000-weight 800 kDa) with increasing content of transferrin (ie fold lower than in the presence of chloroquine or comTf [2] PEI, Tf [4] PEI and Tf [8] PEI with a molar ratio of plex-linked adenovirus ( Figure 1 and Refs 9 and 17). transferrin to PEI of 2, 4 and 8, respectively) were preThese data support the previous observation 13 that PEI pared and used to complex DNA.
has endogenous endosomolytic activity. DNA binding, studied by means of a gel retardation
We next tested whether the transferrin ligand effect can assay, was found to be a function of the cation:anion be blocked by addition of exogenous free transferrin ratio. For both PEI and Tf [2] PEI, DNA was completely ( Figure 2 ). PEI or transferrin-PEI conjugates containing retarded at a molar ratio of PEI nitrogen atoms to DNA transferrin at increasing ratios (Tf [2] PEI, Tf [4] PEI, phosphate (N/P) of 3.0 (MO, data not shown). According
Tf [8] PEI) were used to complex DNA at an N:P ratio of to the pK profile approximately every sixth nitrogen 4.8. DNA complexes were tested for transfection atom of PEI is protonated at physiological pH. 13 Under efficiency in K562 cells. Depending on the transferrin:PEI this assumption a (+/−) charge ratio of 0.5 is sufficient ratio there was a 15-to 25-fold higher transfection completely to bind DNA for both PEI and Tf [2] PEI. Howefficiency for TfPEI conjugates as compared with PEI. ever, this charge ratio is calculated based on the pK proThis increase could be largely blocked by the addition of file of PEI in the absence of DNA. Binding of DNA to free transferrin, thus demonstrating that the transfection PEI might shift the protonation profile of PEI.
complexes require binding to the transferrin receptor on the target cells for gene delivery.
Ligand-dependent gene transfer
In addition to enhancing transfection efficiency, the Polycation-mediated gene transfer is thought to be based on the interaction of the polycation with the negative incorporation of ligands offers the opportunity for specharges carried by the phosphate groups of the DNA cific targeting of gene delivery. Transferrin is a promising resulting in complex formation and binding of the ligand when proliferating cells such as malignant cells resulting particle to anionic residues on the cell memare to be targeted. However, target specificity is difficult brane. Thus, gene transfer efficiency is dependent on a to show using this ligand due to the broad expression of positive net charge. the transferrin receptor. To demonstrate the possibility of Gene transfer efficiency was studied as a function of a more specific targeting, a ligand for the T cell receptor PEI cation:DNA anion ratio using the firefly luciferase associated CD3 molecule was chosen. CD3 is known to reporter gene in the human erythromyeloid leukemia cell be expressed exclusively on T cells. An antiCD3 antibody line, K562. These cells are known to express elevated was covalently coupled to PEI as described in the numbers of transferrin receptors. 5, 17 The cells were preMaterials and methods. AntiCD3-PEI conjugates, treated for 12 h with 50 m desferrioxamine -a proTf [4] PEI conjugates or ligand-free PEI were used to comcedure used to up-regulate transferrin receptors. 17 (Figure 3a ) and the human T cell leukemia cell line efficiencies of PEI-DNA or TfPEI-DNA complexes at difJurkat E6.1 (expressing both transferrin receptors and ferent molar ratios of PEI nitrogen to DNA phosphate CD3) ( Figure 3b) were tested. Figure 3 shows that K562 groups (N/P) are shown in Figure 1 . Transfection cells can be efficiently transfected by Tf [4] PEI-DNA comefficiency was clearly dependent on the cation:anion plexes, while antiCD3-PEI-DNA and ligand-free PEIratio. For PEI an N:P ratio of at least 3.6 (4.5 g PEI, 10 DNA show low transfection efficiency. In contrast, Jurkat g DNA) was necessary for successful gene transfer.
E6.1 cells can be efficiently transfected by Tf [4] PEI-DNA Optimal gene transfer was found at an N:P ratio of 4.8 as well as by antiCD3-PEI-DNA complexes compared (6 g PEI, 10 g DNA). At this N:P ratio the viability of with an inefficient transfection with ligand-free PEI-DNA the cells was not significantly affected (viability у95%)
complexes. The data show that targeting of the gene and cell proliferation was only slightly reduced (recovery delivery via antiCD3 antibody is specific compared to a of cells compared with the number of seeded cells: 130-more general gene delivery to proliferating cells when 150% versus 200% in the untreated control). At higher N:P transferrin is used as the cell-binding ligand. ratios the transfection efficiency decreased due to TfPEI-DNA complexes successfully mediate gene efficiency using the murine neuroblastoma cell line Neuro2A and the murine melanoma cell line B16F10 transfer to a variety of tumor cell types All initial experiments were performed with the erythro-( Figure 4 ). For Neuro2A cells the transfection efficiency of PEI-DNA complexes was dependent on the cation:anion myeloid leukemia cell line K562 where transferrin-receptor mediated gene delivery is known to be particularly ratio with a moderate transfection efficiency at high cation:anion ratios and no transfection at low ratios of N:P effective due to the high level of transferrin receptors. To test the application to different cell types, PEI-DNA or below 4.8 ( Figure 4a ). TfPEI-DNA complexes showed an up to 1000-fold higher efficiency than PEI-DNA. There TfPEI-DNA complexes were tested for their transfection was no significant toxicity observed. High transfection for a therapeutically interesting gene, Neuro2A cells were transfected with the gene coding for murine IL-2 using efficiency was also found at lower cation:anion ratios where ligand-free PEI was not effective. The optimal cat-PEI-DNA or Tf [4] PEI-DNA complexes at various N:P ratios. Maximal expression obtained with Tf [4] PEI-DNA ion:anion ratio for each conjugate was dependent on the amount of coupled transferrin. There is a tendency that complexes was 4550 ng muIL-2/10 6 cells per 24 h compared with 80 ng muIL-2/10 6 cells per 24 h for PEI-DNA. the more transferrin is incorporated the more the transfection optimum is shifted to lower PEI to DNA ratios.
Testing the transfection efficiency on melanoma cells, PEI-DNA complexes were found to be highly efficient in As observed with K562 cells, the highest transfection efficiency was obtained with Tf [2] PEI and Tf [4] PEI. Simitransfection of B16 (Figure 4b ) or M3 melanoma cells (RK, EW, data not shown). No further enhancement in translar results were found with several human neuroblastoma cell lines as well as with primary neuroblastoma fection efficiency was found when transferrin was incorporated. However, as with K562 cells, at higher charge cell cultures (TF, MB, manuscript in preparation).
To study transfection efficiency at the single cell level, ratios significant toxicity (resulting in pigment formation in B16 cells) was observed. Toxicity was absent at a lower PEI-DNA and TfPEI-DNA complexes were used to transfect Neuro2A cells with the ␤-galactosidase reporter charge ratio, where Tf To show the enhancement in the transfection efficiency complexes can be used to transfect cells of very different histological type. 13 However, transfection efficiency is complexes provide efficient gene transfer in the absence of additional endosomolytic agents or chloroquine. Howdependent on the cell type. Coupling of transferrin to PEI can increase the transfection efficiency. This increase is ever, we were interested to determine if the addition of membrane-destabilizing peptides would further enhance particularly high in cell types where transferrin receptor levels are high and in such cell types where PEI-DNA the transfection efficiency. PEI-DNA or TfPEI-DNA complexes were used to transfect human H225 melanoma has only moderate transfection efficiency. Furthermore, the increase in transfection efficiency is most pronounced cells in the absence or presence of the membrane-active influenza peptide INF5 which ionically binds to polyat low cation:anion ratios, making this gene delivery system an interesting candidate for in vivo application.
cations ( Figure 6 ).
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As in the murine melanoma cell lines, both PEI-DNA and Tf [2] PEI-DNA complexes also mediated gene transTransfection efficiency of TfPEI-DNA complexes can be enhanced in the presence of membrane-destabilizing fer into H225 cells in the absence of additional membrane-destabilizing peptides. There was a broader effecpeptides Studies using transferrin-polylysine-DNA complexes tive charge range for Tf [2] PEI as compared with PEI, however, at optimal charge ratios, PEI-DNA and have demonstrated that receptor-mediated gene transfer can be enormously enhanced by the inclusion of endosoTf[2]PEI-DNA complexes showed similar transfection efficiency. In the presence of the endosomolytic peptide molytic moieties, such as inactivated adenovirus [7] [8] [9] or membrane-destabilizing peptides such as fusogenic pep-INF5 there was a 10-fold increase in transfection efficiency for Tf [2] PEI. For PEI there was a similar tides derived from the influenza hemagglutinin.
11
In contrast to polylysine, PEI-DNA and TfPEI-DNA increase in transfection in the presence of INF5. However, for efficient translocation across cell membrane barriers. probably by interfering with lysosomal degradation and enhancing the release of the DNA into the cytoplasm. Receptor-mediated gene transfer has been shown to be greatly augmented by the inclusion of endosomolytic agents such as adenoviruses, 7-9,23-26 rhinoviruses, 10 or membrane-active synthetic peptides, [10] [11] [12] 27 suggesting that crossing the membrane is an important step.
As an alternative to combinations of polylysine conjugates with endosomolytic agents the use of cationic carriers with intrinsic/inherent endosomal activity may be considered for ligand-specific DNA delivery. In this respect, the inherent transfection efficiency of cationic lipids was combined with specific ligands. 19 We were interested to link cell-binding ligands to polyethylenimine (PEI), a polycationic polymer with recently described, high intrinsic transfection efficiency. 13, 28 Like polylysine, PEI has the capacity to condense DNA and deliver it into cells, presumably by adsorptive endocytosis. However, in contrast to polylysine (which itself is a very ineffective transfection agent) PEI is only partially protonated at physiological pH (only one of six amino nitrogens). Upon acidification within the endosome/lysosome, PEI presumably acts as a proton sponge, with the protonation triggering chloride influx, osmotic swelling, and destabilization of the endosomal/lysosomal vesicle. As a result, efficient gene transfer can be obtained in the absence of endosome-destabilizing agents. 13 We have chosen two cell-binding ligands for coupling to PEI that had previously been tested in the polylysine- sponding normal tissues, making the transferrin receptor an attractive target for cancer therapy. We found that coupling of transferrin to PEI results in a 30-to 1000-fold in the latter case, optimum expression levels were not increase in transfection efficiency in three (of five) tested significantly higher than the maximal expression attaintumor cell lines: the neuroblastoma cell line Neuro2A, the able without INF5. These results indicate that TfPEI-T cell leukemia cell line Jurkat, and the erythroleukemic DNA-mediated gene transfer can be enhanced by the cell line K562. The increase in transfection efficiency addition of endosomolytic peptides, however, the effect could be largely blocked by addition of free transferrin is less pronounced than for transferrin-polylysine-DNA to the cells (Figure 2 ) indicating that transferrin receptorcomplexes. mediated uptake of the transfection complex is responsible for the higher transfection efficiency. Gene transfer to cultured melanoma cells B16 or H225 was not Discussion increased by conjugation of transferrin to PEI, which is in agreement with the lower transferrin receptor levels of The currently available nonviral gene transfer systems, when compared with viral vectors on a transfection per these cells. Targeting the transferrin receptor is not completely particle basis, are still several orders of magnitude less effective. For transfection of cultured cells, in certain specific, as these receptors are expressed on a broad variety of cells. We were interested to determine if receptorcases the lower efficiency can be overcome by increasing the number of transfection particles per cell. In vivo gene mediated delivery by PEI-conjugates could be adapted to a more specific ligand-receptor pair. For this purpose PEI transfer, however, is strongly hampered by the low transfection efficiency and also by lack of target cell specificity.
conjugates of an antibody directed to the T cell specific CD3 molecule were generated. DNA complexes of antiFor these reasons synthetic systems with virus-like properties have been developed, including cell entry CD3 antibody PEI conjugates were tested on cultured Jurkat (CD3 positive) cells and K562 (CD3 negative) cells, functions like specific cell-binding ligands or domains
Figure 6 Transfection efficiency of PEI-DNA or transferrin-PEI-DNA complexes on H225 melanoma cells in the presence or absence of the membranedestabilizing influenza peptide INF5. PEI or Tf[2]PEI conjugates were used to complex 3 g of pCMVL. DNA complexes containing different amounts of Tf[2]PEI (a) or PEI (b) were tested on human H225 melanoma cells in the absence or in the presence of increasing amounts of the influenza peptide INF5. DNA complexes were mixed with RPMI 1640 culture medium and added to the human melanoma cells H225 (75 000 cells per well). After 4 h, the transfection medium was replaced by fresh RPMI containing 10% FCS. The cells were harvested 24 h after transfection. Luciferase activity of the cells is shown as the means of duplicates.
resulting in (30-fold) enhanced transfection efficiency in or chloroquine, TfPEI-DNA complexes are 1000-to 10 000-fold more effective than transferrin-polylysinereceptor-positive Jurkat cells only (Figure 3) . The data indicate that by using ligands to specific target structures DNA complexes. TfPEI-DNA complexes transfect with efficiency, similar to the adenovirus-enhanced transfer-(such as the T cell specific CD3 molecule) specific targeting can be achieved, whereas by using ligands to the rinfection (AVET) system (Figures 1 and 4 ) which has been found to be one of the most efficient nonviral gene more broadly expressed transferrin receptor preferential gene delivery to proliferating cells can be achieved. delivery systems. 29, 30 In contrast to the polylysine-based system, chloroquine Besides specific entry by receptor-mediated endocytosis, the transfection properties of ligand-PEI-DNA does not provide any further enhancement of the TfPEI system (MK, RK, data not shown), whereas the addition complexes indicate the expected effect of PEI as an endosomally active component. In the absence of adenovirus of an endosomolytic peptide resulted in a 10-fold increase in efficiency ( Figure 6 ); an effect, however, far less proon a Sephadex G-25 superfine (Pharmacia, Uppsala, Sweden) column. Liquid chromatography was performed nounced than for transferrin-polylysine-DNA complexes. 12 This apparent discrepancy might reflect the difwith a Merck-Hitachi (Darmstadt, Germany) L-6220 pump equiped with a L-4500A UV-VIS diode array detecferent mechanisms of the involved agents: buffering of the endosomal pH by the weak base chloroquine might tor. Quantitative assays were performed spectrophotometrically via estimation of the PEI content of fractions interfere with the proton sponge effect of PEI. In contrast, the membrane-destabilizing peptide may act in an addiby ninhydrin assay at 570 nm. The transferrin content of fractions was determined by UV measurement at 280 nm. tive, independent manner not interfering with the protonation of PEI.
Chloroquine was purchased from Sigma (St Louis, MO, USA). The membrane-destabilizing peptide INF5 derived For the development of vectors applicable to in vivo gene transfer, in addition to intracellular barriers, physifrom influenza hemagglutinin was synthesized as described previously.
12 cal restrictions and serological or immunological barriers have to be overcome. Ideally, transfection complexes should be highly soluble, specific for binding to the target Cells and vectors The plasmid pCMVL, coding for the Photinus pyralis cells, but inert against unspecific interactions with body fluids or tissues. The most efficient synthetic in vitro DNA luciferase gene, the plasmid pCMV␤ coding for ␤-galactosidase (␤-gal), and the plasmid pWS2m coding for delivery systems are dependent on a net positive charge which, however, is one of the big obstacles for targeted murine IL-2; all plasmids under control of the cytomegalovirus enhancer/promoter; have been described prein vivo application. Transfection particles with a positive surface charge can bind nonspecifically to cell surfaces viously. 11, 33, 34 Plasmids were purified by column chromatography according to the manufacturer's instructions and, in addition, activate the alternative complement system as shown by Plank et al. 31 Interaction with the (Nucleobond; Macherey-Nagel, Düren, Germany) and treated to remove lipopolysaccharide (LPS) as complement system followed by uptake by cells of the reticuloendothelial system (RES) is expected to result in described. 35 The lipopolysaccharide content of plasmids was measured by the Limulus amebocyte lysate assay a rapid clearance of the transfection complexes. Coupling of transferrin to PEI has been found to shift the optimal (BioWhittaker, Walkersville, MD, USA) and was Ͻ0.02 endotoxin units per microgram DNA. PEI cation:DNA anion ratio to lower values, making this system more attractive for in vivo gene transfer. 32 Our Media and fetal calf serum (FCS) were purchased from Gibco-BRL (Gaithersburg, MD, USA). The human data show that the transferrin-rich TfPEI conjugates have high transfection efficiency at a molar ratio of amino erythromyeloid leukemia cell line K562 (ATCC CCL-243) and the human acute T cell leukemia line Jurkat clone nitrogen: phosphate of 2.4 to 3.6, whereas the optimum for PEI was found at 4.8 to 6, thus making the effective E6-1 (ATCC TIB 152) were obtained from the ATCC. The human melanoma cell line H225 was kindly provided by TfPEI complexes less likely to activate complement. In addition to shifting of the optimal cation:anion ratio to S Schreiber and G Stingl (University of Vienna, Austria). K562 cells, Jurkat E6.1 cells and H225 cells were cultured lower ratios the increased solubility of TfPEI-DNA complexes and their smaller particle size might also be in RPMI 1640 medium/10% FCS. Murine B16F10 melanoma cells (kindly provided by IJ Fidler, Texas Medical important factors. Preliminary investigation of PEI and TfPEI complexes at low charge ratios and high DNA conCenter, Houston, TX, USA) and Neuro2A neuroblastoma cells (ATCC CCL 131) were cultured in Dulbecco's modicentrations by light scattering measurements and electron microscopy indicate a higher solubility for TfPEI comfied Eagle's medium (DMEM)/10% FCS. plexes (MO, RK, EW, unpublished data). It remains to be shown whether these properties can be exploited for Synthesis of transferrin-PEI conjugates A solution of 200 mg (2.5 mol) human transferrin (irontargeted in vivo gene delivery after systemic administration.
free) in 4 ml of a 30 mm sodium acetate buffer (pH 5) was subjected to gel filtration on a Sephadex G-25 superfine In conclusion, combining the high transfection potential of polyethylenimine with the efficient and specific (Pharmacia) column. The resulting 3.4 ml solution was cooled to 0°C and 60 l of a 30 mm sodium acetate buffer mechanism of receptor-mediated endocytosis improves gene transfer efficiency and offers the possibility for spe-(pH 5) containing 1.3 mg (6 mol) sodium periodate were added. The mixture was kept in an ice bath in the dark cific targeting of gene delivery.
for 90 min. For removal of the low molecular weight products an additional gel filtration (Sephadex G-25 super-
Materials and methods
fine, 30 mm sodium acetate buffer pH 5) was performed yielding a solution of 146 mg (1.8 mol) oxidized transferrin. The modified transferrin solution (20 mg/0.25 Chemicals Human transferrin (iron-free) was obtained from Biotest mol in 0.6 ml for reaction A and B, 40 mg/0.5 mol in 1.2 ml for reaction C) was promptly added (within 15 (Drei-Eich, Germany). A monoclonal antibody directed against human CD3 was purified from supernatants of min) to the three PEI solutions (100 mg/0.125 mol PEI in 2.6 ml 0.25 m sodium chloride for reaction A, 50 the hybridoma cell line OKT3 (obtained from ATCC, Rockville, MD, USA; Cat. No. CRL 8001). Polyethylenimmg/0.063 mol PEI in 1.3 ml for reaction B and C) and vigorously mixed at room temperature. After 30 min, ine (PEI), molecular weight 800 kDa, was obtained from Fluka (Buchs, Switzerland) as 50% w/v solution in water.
four portions of sodium cyanoborohydride (A and B: 2 mg each portion; C: 4 mg) were added at 1 h intervals. For conjugate preparation, a hydrochloride salt solution of 400 mg (50% w/v) PEI in 8 ml water was prepared by After 18 h, 3 m sodium chloride was added to bring the solution to an overall salt concentration of about 0.5 m. addition of water and 200 l of 32% aqueous hydrochloric acid; the solution was subjected to gel filtration
The reaction mixture was loaded on a cation-exchange column (Macro-Prep High S, BioRad, München, Ger-DNA complexes were formed at various molar ratios of PEI nitrogen to DNA phosphate (N:P; for example N:P many, 100 × 10 mm column) and was fractionated with a salt gradient from 0.5 m to 3.0 m sodium chloride with a 4.8: 6 g PEI or ligand-conjugated PEI, 10 g DNA). After 20 min incubation, 0. transfection. After 4 h incubation, transfection medium was replaced with fresh culture medium. Luciferase The overall yield of these conjugates based on transferrin was: A: 62%; B: 70%; C: 71%; based on PEI: A: 52%; B:
activity was assayed 24 h after transfection. 54%; C: 63%. Conjugates were stored at −80°C.
Before use, transferrin conjugate samples were diluted Luciferase activity to 1 mg/ml PEI concentration; the iron incorporation was Cells were harvested 24 h after transfection, washed in performed by addition of 1.25 l 10 mm iron (III) citrate PBS and resuspended in 100 l Tris (0.25 m, pH 7.5). Cells buffer (containing 200 mm citrate and adjusted to pH 7.8
were lysed by three freeze-thaw cycles. The cell lysate by sodium bicarbonate addition) per mg transferrin conwas centrifuged for 5 min at 10 000 g to pellet debris. tent. The conjugates were divided into convenient small Luciferase light units were recorded (using a Lumat aliquots and kept at −80°C.
LB9501/16 instrument; Berthold, Bad Wildbad, Germany) from an aliquot of the supernatant (5-10 l) Synthesis of antiCD3-PEI conjugates with 10 s integration after automatic injection of the lucifTo a solution of 88 mg (110 nmol) of PEI in 2.2 ml 0.25 erin solution. Luciferase background (300-400 light units) m NaCl, 20 mm HEPES buffer pH 7.9, 60.5 l of a 10 was subtracted from each value and the transfection mm ethanolic solution of SPDP (605 nmol) was added, efficiency was expressed as total light units per seeded vigorously mixed and kept for 1 h at room temperature.
cells. After gel filtration with 0.25 m NaCl, 20 mm HEPES buffer pH 7.3, a 3.5 ml solution containing 95 nmol of PEI with 400 nmol of dithio-pyridine linker was obtained.
␤-Galactosidase assay 2.9 mg (19 mol) of dithiothreitol in 0.25 m NaCl, 20 mm One million cells were plated 24 h before the experiment HEPES buffer pH 7.3 was added, and the solution was on 6-well tissue culture plates. Prior to staining, cells kept under argon for 1 h. After gel filtration (Sephadex were washed once with PBS and fixed for 5 min with G-25 superfine, 0.25 m NaCl, 20 mm HEPES pH 7.3) a 0.5% glutaraldehyde at room temperature. After an solution of 57 mg (72 nmol) of PEI modified with 400 additional washing step the cells were exposed to X-gal nmol of mercaptopropionate linker (six linkers for each solution overnight at 37°C according to standard PEI chain) was obtained.
protocol. 36 An antiCD3 antibody (OKT3) was modified with dithiopyridine linker as described previously. 16 A solution of 3 mg (18.8 nmol) antibody modified with 32 Retardation assay nmol dithiopyridine linker in 1.3 ml 200 mm NaCl, 25
Complexed DNA was applied to a 0.8% agarose gel in mm HEPES pH 7.9, 1 mm EDTA was mixed under argon Tris acetate EDTA buffer, pH 8.2, with 1 g/ml ethidium with the solution of 5 mg (6.3 nmol) PEI modified with bromide. Electrophoresis was carried out at 6 V/cm for 38 nmol of mercaptopropionate linker (see above) in 0. 35 40 min. ml 0.25 m NaCl, 20 mm HEPES pH 7.3. The mixture was kept at room temperature for 22 h and diluted with 0.7
Expression of the murine IL-2 gene ml 3 m NaCl and 2.6 ml water. Conjugates were isolated Supernatants from the cell culture were collected 24 h by cation-exchange chromatography (BioRad Macro-Prep after transfection and stored at −20°C. Murine IL-2 High S, 5 × 50 mm column; gradient elution 22-100% expression was estimated using a murine IL-2 ELISA kit buffer A; buffer A, 3 m NaCl, 20 mm HEPES pH 7.3; (Becton Dickinson, Bedford, MA, USA). buffer B, 20 mm HEPES pH 7.3). The product was eluted at a NaCl concentration of approximately 2.8-3 m. After dialysis against HBS, 7 ml of conjugates containing 0.95 mg (5.9 nmol) of CD3 modified with 1.7 mg (2.1 nmol)
